Introduction concern is with TfR1, or more simply TfR, a homodimeric type II transmembrane protein, with a small cytoplasmic Many proteins depend on iron as a cofactor for redox domain, a single-pass transmembrane region, and a reactions or ligand coordination. The facile conversion large extracellular domain. The crystal structure of the between ferrous (Fe 2ϩ ) and ferric iron (Fe 3ϩ ) poses signifbutterfly-shaped dimeric TfR ectodomain shows that icant dangers to living cells, however, as it can lead to each monomer has three structurally distinct domains: the formation of hydroxyl radicals, a major source for a protease-like domain proximal to the membrane, a oxidative damage to proteins, nucleic acids, and lipids.
helical domain accounting for all the dimer contacts, Moreover, under physiological conditions, ferric iron and a membrane-distal apical domain (Lawrence et al., forms a highly insoluble hydroxide complex, so that de-1999) . A model for the TfR-Tf complex was proposed spite its abundance, iron is not easily accessible to cells. (Lawrence et al., 1999) , based on the crystal structures Toxicity and insolubility have forced the evolution of of the TfR ectodomain and Tf, but no 3D crystals of any highly sophisticated machineries for acquiring, storing, TfR-Tf complex have been obtained to test that proposal. Iron release by Tf has been studied extensively bring this number into perspective, our 36,000 particle and diferric Tf show that one lobe communicates its iron images of the 2-fold symmetric TfR-dTf complex would binding state to the other. The underlying mechanisms correspond to 1200 images of a virus with icosahedral remain to be elucidated, but an ␣-helix at the C terminus symmetry; 6400 particles were used to obtain the 7.4 Å of Tf, which lies in proximity to the N-lobe, is a plausible resolution map of the icosahedral HBV capsid (Bottcher candidate to mediate interlobe communication (Jameet angles) were then refined and the contrast transfer funcIn this study, we have used cryo-electron microscopy tion (CTF) corrected for each individual particle image, (cryo-EM) and single particle averaging techniques to using the program FREALIGN (Grigorieff, 1998) . As the determine a density map for the human TfR-diferric Tf resolution of a density map increases, accuracy of the (dTf) complex at subnanometer resolution, an unusually CTF correction becomes more important. Image tilt high resolution for single-particle analysis. We can dock leads to a gradual change in the defocus (and accordthe crystal structures of the TfR and Tf molecules into ingly of the CTF) in a direction perpendicular to the tilt our density map with high accuracy. The resulting model axis, and allowing for this change becomes especially for the complex reveals an unexpected binding mode important when using high defocus values to enhance for dTf and TfR, shows a conformational change in Tf image contrast. We therefore corrected carefully for iminduced by association with TfR, and illustrates the overage tilt (see Supplemental Data available at http:// lap of HFE and Tf binding sites on TfR.
www.cell.com/cgi/content/full/116/4/565/DC1). The Euler angle distribution of the 36,266 particles Results shows preferred orientations of the TfR-dTf complex in the ice layer, probably due to orientation on the air-water Cryo-EM of the TfR-dTf Complex interface ( Figure 1C) . Nonetheless, the orientations of Vitrification (Adrian et al., 1984), which preserves the the particles fully cover Euler space, demonstrating that specimen in a near-native environment, is the preferred the views used in our reconstruction fully define the technique for visualizing single protein complexes by structure of the TfR-dTf complex.
EM. It overcomes the problems of limited resolution and
The resolution of the final density map was assessed molecular distortions associated with negative staining.
by Fourier shell correlation (FSC). According to the conThe main drawback of vitrification is the poor signal-toservative resolution criterion, FSC ϭ 0.5, the density noise ratio (SNR) in images of ice-embedded specimens, map of the TfR-dTf complex has a nominal resolution posing severe difficulties when attempting to study of 7.5 Å ( Figure 1D ). The spectral signal-to-noise ratio small assemblies. The total mass of the TfR-dTf complex (SSNR) criterion (Unser et al., 1987) yielded the same of about 290 kDa is small for the cryo-EM approach.
nominal resolution of 7.5 Å (data not shown). Moreover, We therefore took care to embed the specimen in a very the phase residual, which we used to follow the refinethin ice layer to reduce background noise, and we used ment of the density map by FREALIGN, was 39.8Њ in the large defocus values, ranging from 3 to 5 m, to increase resolution range from 7.7 Å to 7.5 Å , indicating meaningphase contrast in the images. We also used a sample ful information at this resolution (random phases are buffer of very low density. We rejected lower contrast 90Њ). Thus, all resolution criteria are consistent. Figure 1E images during processing (we assign the variability shows different views of the 2-fold symmetrized density map of the TfR-dTf complex filtered to a resolution of among different preparations to variations in thickness Achieving a density map at subnanometer resolution map, confirming the assessment of subnanometer resolution. for the TfR-dTf complex by single particle EM has probably resulted from a number of favorable contributing factors. We believe that the large number of high-conDocking the TfR and dTf Crystal Structures into the Electron Density Map trast particle images, the spiky shape of our subject, the use of a tilt-corrected CTF, and the use of FREALIGN To build an atomic model of the TfR-dTf complex, we first fit the crystal structure of the TfR ectodomain (Lawfor refining orientational parameters and for 3D reconstruction (Grigorieff, 1998) have all contributed. As Grirence et al., 1999) into the map. We then placed the structures for the Tf N-lobe (TfN) and the Tf C-lobe (TfC). gorieff (2000) has pointed out, however, refinement us- are connected by a linker between the two lobes and the C-terminal helix (highlighted in red in Figures 5C,  5D , 5F, and 5G), which interacts with a loop in the N1 subdomain (highlighted in pink in Figures 5C, 5D , 5F, Photo Technology International instrument. Entry slits were set at and 5G). We suggest that strain induced in the C-lobe 0.25 mm (1.0 nm resolution) to minimize photobleaching. Variations by displacement of the N-lobe, communicated by the from means were less than Ϯ 5%.
linker connecting the two lobes and the interaction of the C-terminal helix with the N1 subdomain, may be part
